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Summary: Resume: Zusammenfassung 
A simulation model for crop-weed competition, 
parameterized for sugar beet and Chenopodium 
album L., was validated with experimental data 
from five field experiments. Between the experi-
ments, 98% of the variation in yield loss, 
ranging from -6 to 96%, was explained by the 
simulation model. After validation, the model 
was used to analyse the backgrounds of the 
distinct differences in yield loss between the 
experiments. The contribution of differences in 
water shortage appeared to be negligible. The 
number of days between crop and weed 
emergence, which ranged from 0-31 days, 
appeared to be the main factor responsible for 
the differences in yield loss between the experi-
ments (96% ). Further analysis showed that 
water shortage only influences competitive 
strength of the weeds when overtopped by the 
crop. Temperature in the period between crop 
tDeceased. 
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and weed emergence appeared to be an import-
ant factor determining the competitive relation-
ships. It is concluded that the period between 
crop and weed emergence should be expressed 
as a developmental measure (i.e. degree days) 
instead of days. Morphological characteristics 
such as the relative growth rate of leaf area in 
early growth phases, specific leaf area and 
height increase largely determined the competi-
tive strength of a species. The effect of physio-
logical characteristics, such as maximum rate of 
leaf photosynthesis, was less significant. 
Un modele ecophysiologique pour Ia competi-
tion interspecifique applique a /'influence de 
Chenopodium album L. sur Ia betterave sucriere 
II. Evaluation du modele 
Un modele de simulation de Ia competition 
culture/adventice, parametre pour Ia betterave 
et Chenopodium album L. a ete valide avec des 
donnees experimentales issues de 5 essais de 
plein champ. Entre les essais, 98% de Ia varia-
tion de perte de rendement, allant de -6 a 96% 
etaient expliques par le modele de simulation. 
Apres validation, le modele a ete utilise pour 
analyser les courbes des differences de pertes de 
rendement entre les essais. Les differences liees 
au manque d'eau sont negligeables. Le nombre 
de jour entre la levee de la culture et de 
l'adventice qui a varie de 0 a 31 jours, est apparu 
etre le principal facteur responsable des differ-
ences entre perte de rendement entre les essais 
(96%). D'autres analyses ont montre que le 
manque d'eau influence seulement Ia vigueur de 
competition des adventices quand elles soot 
recouvertes par la culture. La temperature de la 
periode entre la levee de la culture et de 
l'adventice apparait etre un important facteur 
determinant les relations de competition. II est 
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conclu que la periode entre la levee de la 
culture et de l'adventice devrait etre exprimee 
en mesure de developpement (par exemple 
en degres/jour plutot qu'en jour). Des carac-
tt~ristiques morphologiques comme le taux de 
croissance relative de la surface foliaire dans 
les premiers stades, Ia surface specifique 
foliaire et I' augmentation de hauteur, deter-
minent grandement Ia vigueur de competition 
d'une espece. Les effets des caracteristi-
ques physiologiques comme le taux maximum 
de la photosynthese foliaires sont moins 
significatifs. 
Ein okophysiologisches Modell der interspezi-
fischen Konkurrenz von Chenopodium album 
auf die Zuckerrilbe. II. Validierung 
Ein Simulationsmodell zur Konkurrenz 
zwischen Kulturpflanze und U nkraut, hier 
Zuckerriibe (Beta vulgaris L.) und WeiBer 
GansefuB (Chenopodium album L.), wurde 
anhand von Daten aus 5 Freilandversuchen 
validiert. 98 % der Variation der Ertragsver-
luste, die zwischen -6 und 96% lagen, wurden 
anhand des Modells erkUirt. Nach der Validie-
rung wurden mit dem Modell die Bestimmungs-
griinde fiir die jeweiligen Unterschiede der 
Ertragsverluste analysiert. Der Beitrag von 
Unterschieden des Wassermangels erschien als 
vernachUissigbar. Die Konkurrenzkraft der 
Unkrauter wurde durch Wassermangel nur 
beeinfluBt, wenn sie von der Kulturpflanze 
iiberwachsen wurden. Die Anzahl der Tage 
zwischen dem Auflaufen der Kulturpflanze und 
der Unkrautart, das 0 bis 31 Tage auseinander 
lag, erwies sich als groBter Faktor fiir die 
Ertragsverlustunterschiede (96 %) . Die Tem-
peratur wahrend der Keimperiode war fiir die 
l:Sestunmung der Konkurrenzbeziehungen wich-
tig. Deshalb sollte die Keimperiode zwischen 
Kulturpflanze und Unkraut mit einem Ent-
wicklungsmaB (d. h. Temperatursummen) an-
statt in Tagen bemessen werden. Morpholo-
gische Kenndaten wie relative Wuchsrate der 
Blattflache in friihen Entwicklungsstadien, 
spezifische Blattflache und Wuchshohe bestimm-
ten die Konkurrenzkraft einer Art in hohem 
MaBe. Physiologische Daten wie maximale 
Photosyntheserate waren weniger signifikant. 
Introduction 
The variation in the effect of weeds on crop 
production is mainly due to differences in 
competitive status of the weeds and the crop. 
i.e. the ability of plants to acquire and use the 
growth determining- and limiting resources, 
namely, light, water and nutrients. Quantitative 
insight into the competitive effects of the weeds 
and the influences of management practices on 
these effects is one of the basic requirements of 
the development of weed control advisory 
systems. Simulation models for growth and pro-
duction of a crop and its associated weeds may 
be useful to evaluate alternative management 
practices. 
Simulation models for crop-weed competi-
tion, which are based upon the underlying 
physiological processes of growth and morpho-
logical development. may also help to improve 
insight into the competitive process. Moreover, 
they can be used to derive simpler models which 
are easy to parameterize and may be used for 
forecasting, after a thorough validation. Such 
explanatory models for crop-weed competition, 
which describe the competition between crop 
and weeds based on morpho-physiological 
characteristics of the competing species in 
relation to environmental factors, have been 
developed recently (Spitters & Aerts, 1983; 
Spitters, 1984, 1989; Kropff, 1988a, b, c). They 
are based upon simulation models for monocul-
ture crops. 
Models for crop growth have been validated 
and tested for many species in recent decades 
(e.g. de Wit eta/., 1978; Penning de Vries & van 
Laar, 1982). Models for crop-weed competition 
have only been evaluated for a few situations, in 
which maize crops were competing with yellow 
mustard or barnyard grass (Spitters & Aerts, 
1983; Kropff et al., 1984; Spitters, 1984). In 
these studies, the markedly different effects of 
barnyard grass on crop yield between the two 
experiments with maize and barnyard grass 
were only partly explained by the model, 
probably due to the severe water stress effects 
which occurred in one of the experiments. 
In a previous paper, the improved version of 
the model and its parameterization for sugar 
beet and C. album L. was described (Kropff & 
Spitters, 1992). In the present paper, the model 
is validated with data from five field experiments 
with sugar beet and C. album L., in which yield 
losses ranged from -6-96%. After comparison 
of model output with these experimental results, 
the model was used to analyse the causes of 
differences in yield loss between the experi-
ments. In this study, one parameter set for 
species characteristics was used for simulation of 
all the experiments. The only experimental 
specific input data were weather variables, weed 
densities, dates of crop and weed emergence 
and data for soil characteristics. To allow model 
evaluation with independent data sets, the 
parameter values used in the model were only 
based on data from literature and the monocul-
ture experiments in 1984 and 1985. 
Relationships between morphological and 
physiological characteristics of a species and its 
competitive strength have been widely studied 
(cf. Pearcy et al., 1981). Pearcy et al. (1981) 
found a close relationship between competitive 
ability and photosynthetic responses of C. 
album L. (C3 plant type) and redwood pigweed 
(Amaranthus retroflexus L., C4 plant type). C4 
species have a higher photosynthetic capacity at 
high radiation levels and high temperature. 
Under all conditions studied, high competitive 
advantage was coupled to higher photosynthetic 
capacity. On the other hand, Tilman (1988) 
using a simple mechanistic model, demon-
strated the importance of morphological pro-
cesses, which are entirely governed by dry 
matter allocation in his model, for competitive 
interactions between species. The complexity of 
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relationships between morpho-physiological 
characteristics have been recognized by many 
workers. However, qualitative or quantitative 
studies in which these relationships have been 
examined are rare. The mechanistic simulation 
model for competition between plant species for 
light and water presented in the preceding paper 
(Kropff & Spitters, 1992) can be used to study 
these complex relationships. 
In the present paper, the results of a simula-
tion analysis of the effect of several morpho-
physiological species characteristics on competi-
tive interactions between crop and weeds are 
presented. 
Materials and methods 
Field experiments with sugar beet (Beta vulgaris 
L.) and C. album L. were conducted on a sandy 
loam (2·5-5% organic matter, pH 5) in 
Wageningen, The Netherlands. The soil was at 
field capacity at 30 vol % water and at wilting 
point the soil contained 9 vol % of water. The 
maximum rooting depth was 0·60 m, and the 
groundwater table ranged from 0·60 m early in 
the growing season to 1·40 m later in the 
season. The fields were fertilized according to 
advised amounts of NPK for maximal sugar-
production (Table 1). Trials were performed in 
1984 with two weed densities (Experiments 1a 
and b), in 1985 (Experiment 2) and in 1986 
with two different dates of weed emergence 
Table 1. Details of five field experiments with mixtures of sugar beet (Beta vulgaris L.) and 
Chenopodium album L. conducted at Wageningen, The Netherlands in 1984, 1985 and 1986 
Year 1984 1985 1986 
Experiment 1a 1b 2 3a 3b 
Sugar beet cultivar Regina Regina Monohil SaJohil SaJohil 
Density sugar beet (plants m-~ 11·11 11·11 11·11 11-11 11·11 
Density C. album L. (plants m-2) 5·56 22·2 5·5 9·1 9·1 
Sowing date sugar beet 17/4 17/4 24/4 18/4 18/4 
Sowing date C. album L. 14/5 615 20/5 
Emergence sugar beet 27/4 27/4 9/5 415 4/5 
Emergence C. album L. 27/4 27/4 19/5 25/5 3/6 
Between-row spacing (m) 0·30 0·30 0·30 0·50 0·50 
Within-row spacing (m) 0·30 0·30 0·30 0·18 0·18 
Gross plot size (m2) 1·5 X 3·0 1·5 X 3·0 1·5X6·0 1·3 X 6·0 1·3 X 6·0 
Net plot size (m2) 0·9 X 1·8 0·9± 1·8 0·3 X 4·8 0·54±4·0 0·54 ±4·0 
No. of replicates 4 4 4 4 4 
No. of harvests 7 7 8 10 10 
Date final harvest 14/10 24n 25/9 15/9 15/9 
Fertilizer rate (kg ha-1) 
N 160 160 160 170 170 
P20s 40 40 60 38 38 
K20 100 100 200 280 280 
Groundwater table (m) 0·7-1·0 0·7-1·0 0·7-0·8 1·2-1·4 1·2-1·4 
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(Experiments 3a and b). The crop was seeded 
with a precision seeder, and the weeds were 
seeded by hand or the spontaneously emerging 
weeds were thinned to the desired densities. All 
weed removal was done by hand with as little 
soil disturbance as possible. In all experiments a 
split-plot design was employed in four repli-
cates, with the weeds as the main factor and 
harvest dates as the sub-factor. 
The date of 50% emergence of the species was 
estimated from emergence frequency data, 
based upon daily observations of emergence in 
permanent plots (24 m of a row). Measure-
ments of plant height and observations on crop 
and weed development were performed at time 
intervals of about 3 days. 
Above-ground dry weights and leaf area of 
the crop and the associated weeds were 
measured at 1 to 2 week intervals throughout 
the growing season. The samples were divided 
out per plant organ, dried at 80°C and weighed. 
Dead and shed leaves were sampled with a plate 
on the soil. 
At time intervals of about 1 month, soil 
samples were taken and dried to determine the 
soil moisture content of the soil layers 
gravimetrically. Per treatment, 14 samples 
were taken, consisting of 4-12 individual 
samples. From these data and experimentally 
determined pF-curves the volumetric soil 
moisture content of the different soil layers was 
calculated. 
Experiments 1a and b, 1984 
Sugar beet ( cv. Regina) was grown at 11·11 
plants m-2 at a spacing of 0·30 x 0·30 m. The 
naturally emerged C. album L. plants were 
thinned to 5·5 plants m-2 (experiment 1a) and 
22 plants rn-2 (Experiment 1b) in such a way 
that the weeds were equally distributed between 
the crop plants. A monoculture of C. album L. 
was obtained by thinning the weeds to 22 plants 
m-2 in a regular pattern. Emergence of the 
weeds occurred simultaneously with emergence 
of the crop. Per net plot, 18 sugar beet plants 
were harvested by hand. Experiment 1b (high 
weed density) was reduced to 10 plants m-2 on 
24 July and completely removed on 20 August, 
as the competitive effect of the weeds was too 
great. Data were obtained from C. J. T. 
Spitters, W. de Groot, G. Liefstingh, F. van 
Evert, S. Nonhebel and W. Smeets (Depart-
ment of Theoretical Production Ecology, 
Agricultural University Wageningen, The 
Netherlands; Centre for Agrobiological Re-
search, The Netherlands and Department of 
Vegetation Science, Plant Ecology and Weed 
Science, Agricultural University, Wageningen, 
The Netherlands). 
Experiment 2, 1985 
Sugar beet (cv. Monohil) was grown at 11·11 
plants m-2 , at a spacing of 0·30 x 0·30 rn. C. 
album L. was sown in the field after pretreat-
ment with 0·005% giberillic acid and 0·05% 
KN03 for 14 days at 4°C. C. album L. seed-
lings were thinned to 5·5 plants m-2 , equally 
distributed between the crop plants. C. album 
L. in monoculture was grown at 11·11 plants 
rn - 2 • In this experiment the weeds emerged 10 
days after the crop. Per net plot, 15 sugar beet 
plants were harvested by hand. Data were 
obtained from M. J. Kropff, W. Joenje, W. de 
Groot, C. J. T. Spitters, L. Bastiaans, B. 
Habekotte, H. van Oene and R. Werner 
(Department of Theoretical Production 
Ecology, Agricultural University, Wageningen, 
The Netherlands; Centre for Agrobiological 
Research, The Netherlands and Department of 
Vegetation Science, Plant Ecology and Weed 
Science, Agricultural University, Wagingen, 
The Netherlands). 
Experiments 3a and b, 1986 
Sugar beet ( cv. Salohil) was grown at 11·11 
plants m-2 in rows, with a distance of 0·50 m 
between the rows. C. album L. seeds (pretreated 
as in 1985) were sown between the sugar beet 
plants within the rows at 11·11 plants m-2 ; due to 
mortality, plant densities were 9·1 and 9· 7 plants 
m-2 , respectively for Experiments 3a and b. In 
Experiment 3a, the C. album L. plants emerged 
21 days after the crop, and in Experiment 3b the 
weeds emerged 30 days after the crop. In this 
experiment, the plots were irrigated up to 1 July 
(day 182) (4 times 20 mm and 2 times 15 mm). 
Per net plot, 24 sugar beet plants were harvested. 
Data were obtained from W. Joenje, M. J. 
Kropff, W. de Groot, W. Hensums, H. Peelen, 
J. Stroet and I. Vlaswinkel (Department of 
Theoretical Production Ecology, Agricultural 
University, Wageningen, The Netherlands; 
Centre for Agrobiological Research, The 
Netherlands and Department of Vegetation 
Science, Plant Ecology and Weed Science, 
Agricultural University, Wageningen, The 
Netherlands). 
Experimental details are given in Table 1. 
Results 
Weather conditions differed markedly between 
the three growing seasons (Fig. 1). The most 
extreme periods were the relatively cold period 
in May 1984 (days 121-151) during early growth 
of the crop and weeds, and the relatively warm 
and bright period in June 1986. The rainfall 
deficit (Penman evaporation minus rainfall) in 
1984 and in 1986 accumulated to about 300 mm 
during the growing season. However, in 1986 
the plots were irrigated. 
Yield reduction as a result of weed competi-
tion varied widely between the experiments (96 
to -6%) for total dry matter production; for 
Experiment 1b yield loss was calculated on 24 
July) (Table 2). A significant reduction in crop 
yield in the weedy plots at final harvest 
was observed in 1984 (Experiment 1a), 1985 
(Experiment 2) and in the treatment with weeds 
emerging 21 days after the crop (Experiment 3a) 
in 1986. Experiment 1b was stopped half-way 
through the growing season for the reasons 
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mentioned above. The period of 31 weed-free 
days after crop emergence (Experiment 3b) 
appeared to be sufficiently long to avoid any 
reduction in crop yield. 
Total dry matter production by C. album L. 
was significantly reduced in the mixture plots in 
all experiments. This reduction was more 
marked in experiments where sugar beet pro-
duction was influenced to a lesser extent. 
The maximum leaf area index (LA[) of the 
species was markedly reduced in the mixtures 
(Table 2). For sugar beet, the reduction in 
maximum LA! ranged from 13 to 89%, whereas 
the reduction for C. album L. ranged from 22 to 
97%. 
Maximum height of sugar beet during the 
growing season was barely influenced by the 
weeds in the mixtures; only in 1984 (Experiment 
1a) was sugar beet height reduced by 27% 
(Table 2). The maximum height of C. album L. 
was only influenced in both experiments in 1986 
when the weeds emerged 21-30 days after the 
crop. This was obviously due to the strong 
competitive status of sugar beet with respect to 
the later emerged weeds in this experiment. The 
time course of the available amount of soil 
moisture was similar for all treatments per 
experiment. The coefficient of variation of the 
soil moisture of all treatments together was less 
than 3%. 
Table 2. Growth data for sugar beet (Beta vulgaris L.) and Chenopodium album L. in monocultures and mixtures. Dry weights of 
sugar beet organs and C. album L. are given for final harvest; maximum leaf area index (LA!) and maximum height of the species 
are given for the total growing season 
Year 1984 1985 1986 
Experiment mono mono 1a lb mono mono 2 mono mono mono 3a 3b 
C. album density (plants m-2) 0 22 5.5 22t 0 11.11 5.5 0 9.1 9.7 9.1 9.7 
Sugar beet density 
(plants m-2) 11.11 0 11.11 11.11 11.11 0 11.11 11.11 0 0 11.11 11.11 
Period between crop and 
weed emergence (days) 0 0 10 21 30 
Sugar beet 
Beets (tha-1) 44.1a 10.1b 61.9a 33.lb 53.5ab 45.4b 56.3b 
Beets (t DM ha-1) 9.8a* 2.2b 0.2 14.5a 8.2b 12.9a 11.2b 13.5a 
Total dry matter (t ha- 1) 14.9a 3.2b 0.3 23.1a 14.6b 20.4a 18.9b 21.7a 
Sugar production (t ha-1) 6.9a l.Ob 9.3a 5.1b 9.5a 8.1b 10.1a 
Maximum LA/ 3.8 1.2 0.4 5.7 4.2 3.8 2.9 3.3 
Maximum height (m) 0.44 0.32 0.25 0.62 0.59 0.60 0.60 0.60 
C. albumL. 
Total dry matter (t ha-1) 10.3b 7.7a 6.7 14.3b 4.la 14.4b 13.3b 1.9a 0.30c 
Maximum LA/ 4.6 2.7 3.6 4.7 0.9 3.8 3.8 0.3 0.1 
Maximum height (m) 1.03 0.99 1.08 1.66 1.45 1.59 1.58 0.92 0.45 
*Means within rows, for each year, followed by different letters are significantly different at P<0.05, as determined by analysis 
of variance. 
tThis treatment was stopped on 24 July. 
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Fig. l. Time course of weather variables in the growing seasons of 1984, 
1985 and 1986. (a) Average daily temperature (5-day averages; oq. (b) 
Cumulative rainfall deficit (rom). (c) Global daily radiation (5-day averages; 
M1 m-z d-•. 
Validation of the model 
The simulation model for crop-weed competi-
tion and its parameterization for sugar beet and 
C. album L. used in this study has been des-
cribed in a previous paper (Kropff & Spitters, 
1992). 
Model inputs 
Parameters for sugar beet were derived from the 
literature, from unpublished experiments and 
on the basis of some data for the experiments in 
1984 and 1985 (mainly for leaf area develop-
ment). For C. album L., however, barely any 
data were available from the literature, so the 
parameters were largely based on the experi-
ments performed in 1984 and 1985. To analyse 
the explanatory power of the model, simulations 
were performed with the same set of parameters 
for all five experiments. Only experiment-
specific inputs were varied between the simula-
tion runs: daily values of maximum tempera-
ture, minimum temperature, global radiation 
and rain/irrigation and the dates of emergence 
of crop and weeds and the plant density of the 
crop and the weeds. 
The first series of validation runs was 
performed using the measured leaf area as input 
in the model. This enables evaluation of the 
water and carbon balance of the model without 
confounding effects of the feedback between 
plant growth and leaf area development. Simu-
lation results from the 1984 experiments showed 
that capillary rise of water from the ground-
water to the rooted soil layer could not be 
neglected, since the amount of soil moisture 




















Observed yield loss (%) 
Fig. 2. Simulated and observed yield loss (%) for five field 
experiments with sugar beets and C. album L. in three 
growing seasons (Experiment 1a (1984): o; 1b (1984): o; 
Experiment 2 (1985): 6; Experiment 3a (1986): ; and 3b 
(1986): ). (a) Simulated with LAI as input in the model. (b) 
LAI is simulated. 
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underestimated. Capillary rise could not be 
simulated for the particular site because there 
was an impenetrable soil layer at 0·50 m depth. 
Since this study deals with the analysis of 
competition, it was decided to calibrate the 
water balance to the measured data of soil 
moisture content in the monoculture plots of 
sugar beet. Capillary rise was estimated to be 
20 mm. The time course of dry matter produc-
tion was simulated accurately for both the 
monoculture and the mixtures in all experi-
ments. The simulated yield losses at final 
harvest were close to the observed yield losses 
(Fig. 2a). 
Although this version of the model explains 
the differences in yield loss between the experi-
ments well, the model cannot be used to 
evaluate the effect of the weeds on crop yield in 
other situations, since the feedback of the 
growth rate on leaf area development is not 
included in the model. 
In the second phase of model validation a 
routine for simulation of leaf area development, 
described by Kropff & Spitters (1992), was in-
cluded in the model. Simulation of yield loss was 
still as accurate as with the leaf area as input 
(Fig. 2b). Total dry weight increase of the 
species in monocultures and in mixtures was 
closely simulated by the model (Fig. 3). Sugar 
beet production in monoculture in 1985 was 
slightly underestimated by the model and C. 
album L. production in monoculture was over-
estimated in 1984 and underestimated in 1986. 
Model analysis (by simulating additional 
irrigation) indicated that the production of sugar 
beet in 1984 was strongly reduced (by 33%) as a 
result of water stress. In 1986, the production of 
sugar beet in monoculture was reduced by 6% as 
a result of water shortage at the end of the 
growing season, whereas in 1985 sugar beet 
production was not reduced as a result of 
waterstress. 
The time course of the soil moisture content 
was simulated realistically for all experiments 
(Fig. 4). At the end of the growing season in 
1984 the soil moisture content was over-
estimated. Simulated leaf area development was 
close to the observed values (data not shown). 
Plant height was overestimated in 1984 due to an 
underestimation of the effect of water shortage 
on height development and in 1986 as a result of 
a lack of feedback of the growth rate on the 
plant height development in the model. 
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Fig. 3. Time course of dry weight of sugar beet ( • =observed;--= simulated) and C. album L. (• =observed;---= simulated) 
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Fig. 4. Simulated (solid line) and observed ( •) soil moisture content 
in sugar beet monocultures of three growing seasons. Broken lines 
indicate soil moisture content of rooted zone at field capacity (pF 2, 
upper line) and permanent wilting point (pF 4·2, lower line). 
Yield loss at final harvest was simulated 
accurately for all five experiments (Fig. 2b), and 
98% of the variation between the trials was 
accounted for. 
These results show that the model can explain 
the observed differences in yield loss between 
the experiments based on differences in the 
period between crop and weed emergence, 
plant density and weather data. 
Interpretation of the experimental results 
The simulation results mentioned in the previous 
section allow model analysis of the back-
grounds of the differences in yield loss between 
the experiments by varying dates of weed 
emergence, weed density and weather data. 
The difference in yield loss between the 
treatments of Experiments 1 and 3 was caused 
by only a single factor. The higher weed density 
in Experiment lb (1984) with respect to 
Experiment 1a caused a severe increase in yield 
reduction of the sugar beet. The retarded weed 
emergence in Experiment 3b with respect to 
Experiment 3a (1986) resulted in a smaller yield 
reduction. As the model performed well for 
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these situations, it can be concluded that the 
effects of weed density and the period between 
crop and weed emergence on crop yield loss can 
be simulated precisely with the model. How-
ever, differences in the effect of C. album L. on 
sugar beet yield between the years were due to a 
combination of factors: weather, weed density, 
dates of crop and weed emergence. 
To analyse the contribution of variation in 
these factors to the observed variation in yield 
loss, the contribution of water shortage to 
competition effects was analysed first. Simula-
tion runs were performed for all experiments 
with optimal water supply by introducing a 
simulated irrigation of 4 mm day-1, whereas the 
other variable inputs remained unchanged. 
Although the simulated yield in monoculture in-
creased for 1984 and 1986, respectively, by 33 
and 6%, simulated relatively yield losses were 
almost equal to simulated relative yield losses 
based on measured rain/irrigation inputs. 
Since water shortage barely influenced the 
outcome of competition in these particular 
experiments, the contribution of weed density, 
the period between crop and weed emergence, 
radiation and temperature was analysed under 
potential conditions with an optimal water 
supply. 
The backgrounds of the observed differences 
in yield loss between the years were analysed by 
comparing the simulated effects of observed 
weed densities, the periods between crop and 
weed emergence and weather with the simu-
lated yield loss based on the average weed 
density, period between crop and weed emerg-
ence and weather. Yield loss based on average 
inputs was simulated to be 38% (Table 3). Step 
by step the average values were replaced with 
the experimental specific values of two 
sequences. Table 3 shows that differences in 
weed density between the experiments only 
accounted for 12% of the observed variation, 
whereas differences in the dates of weed emerg-
ence accounted for 96% of the variation. Intro-
duction of the observed radiation and tempera-
ture only slightly improved the simulations. 
The influence of weather variables on yield 
loss and its interaction with the period between 
crop and weed emergence was studied with the 
model in a third series of simulations (Table 4). 
When the weeds emerge simultaneously with 
the crop, yield loss is barely influenced by radia-
tion and temperature. However, when the 
weeds emerge after the crop, yield losses were 
Table 4. Analysis of the effect of radiation and temperature 
and relative time of weed emergence on sugar beet yield loss 
(% of total dry matter) as a result of competition with C. 
album L. Weather data were from Wageningen, 1984, 1985, 
1986 and 30-year average, water was available in ample 
supply, the growth period was 150 days, and C. album L. den-
sity was 5·5 plants m-2 • Relative times of weed emergence 
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Table 3. Interpretation of the backgrounds of differences in yield loss between five field 
experiments with sugar beet and C. album L. using the model. Observed and simulated yield 
loss (percentage of total dry weight of sugar beet in monoculture) and percentage of the var-
iation accounted for the model (?} are given. After a standard run with average 
experimental specific inputs without water shortage, the average inputs for dates of weed 
emergence, weed density and other experiment-specific variables (weather variables) were 
transformed into measured data at different sequences (A, B) 
Year 1984 
Experiment 1a lb 
Observed yield loss (o/o) 79 93 
Simulated yield loss(%) 
Standard run with average data 38 38 
(A)+ Dates of emergence 74 74 
+Weed density 57 87 
+Weather 77 88 
(B)+ Weed density 25 58 
+Dates of emergence 57 87 


























simulated to be much higher when simulated 
with 1984 weather data. Analysis of model 
output showed a much lower leaf area develop-
ment with these weather data, which resulted in 
a reduced advantage of the crop with respect to 
the weeds compared to the other weather data. 
This was due to the relatively low temperature 
in the period after emergence in 1984 (Fig. 1). 
This leads to the conclusion that the period 
between crop and weed emergence should not 
be expressed in days but in a developmental 
measure such as degree days (when the temp-
erature response of leaf area development is 
linear). 
Determining factors that affect competition 
effects of weeds on crops 
The effect of changes in the period between crop 
and weed emergence and weed density on sensi-
tivity of simulated yield loss in sugar beet to 
several morpho-physiological species character-
istics was studied by increasing the values of the 
weed characteristics by 5% . This effect is 
presented as the percentage change in percent-
age yield loss relative to the percentage change 
in the parameter value. 
Daily input variables were as follows: 30 years 
average data on maximum temperature, 
minimum temperature, and global radiation for 
Wageningen, The Netherlands. Water was 
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assumed to be in ample supply by introducing 
irrigation to the model. 
The effect of increasing the value of the most 
important species characteristics by 5% under 
six competition situations is given in Table 5. 
The six competition situations differed in the 
period between crop and weed emergence, 
weed density and the maximum height of the 
weed, which can be seen as a way to construct 
different weed species. Simulated yield loss 
ranged from 33-55·2% for the two situations in 
which the weeds had all species characteristics 
of C. album L. which grew twice as high as the 
sugar beet crop. The effect of weeds with the 
same morpho-physiological characteristics as C. 
album L., except for maximum height, was 
considerably smaller: 8-27% yield loss when the 
maximum height of the weed was equal to the 
value of the crop and 0·9-4·2% yield loss when 
the maximum height of the weed was half the 
value of the crop. 
Table 5 shows that simulated yield loss is most 
sensitive to the morphological parameter RL, 
which determines the rate of leaf area develop-
ment in early growth phases to be dependent on 
temperature in all competitive situations. 
Simulated yield loss is also very sensitive to 
weed height when the maximum height of the 
weed is similar to the maximum height of the 
crop. 
Simulated yield loss was less sensitive to 
physiological species characteristics (para-
Table 5. Sensitivity analysis for six competition situations of sugar beet and C. album L. differing in 
relative time of emergence (expressed as the number of days between sugar beet and C. album L. 
emergence) and maximum height of the weeds (m) under standard weather conditions (average of 
30 years for Wageningen, The Netherlands) and optimal water supply; the effect of an increase of 
5% in a weed parameter is given. The effect is expressed as the percentage change in percentage 
yield loss relative to the percentage change in the parameter value (5%) 
Run characteristics 
Relative maximum heights of the weeds (-) 2 2 1 1 0·5 0·5 
Period between crop and weed emergence (days) 0 10 0 10 0 10 
Weed density (plants m-2) 5 5 5 5 5 5 
Yield loss(% weed free) 55·2 33·0 27·2 8·0 4·2 0·9 
Change in yield loss after change of 5% 
Maximum leaf photosynthesis 
(Am, kg C02 ha-t h-1) 0·4 0·7 0·4 0·5 0·2 0·1 
Initial tight use efficiency 
(e, kgC02ha-1 h-1/[J m-2 s-1]) 0·5 1·0 0·7 1·0 0·6 0·2 
Initial leaf area(' L 0 , m2 planC1) 0·5 0·7 0·7 1·0 1·0 0·2 
Relative growth rate of leaf area 
(RL,oc-t d-t) 4·5 5·2 7·4 7·2 9·0 6·7 
Specific leaf area (SLA, m2 leafkg-1 Ieaf) 0·9 1·6 1-1 1·5 1·0 0·2 
Extinction coefficient for light (k, m2 m-2) 1-1 1·8 1·7 2·2 1·9 2·2 
Maximum weed height (m) 1·0 1·6 2·7 1·3 0·6 0·1 
Weed density (plants m-2) 1·8 2·1 2·8 2·8 3·8 2·2 
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meters related to photosynthesis) than to 
morphological parameters (parameters deter-
mining leaf area development, plant height and 
efficiency of light absorption). 
The results presented in this paper demon-
strate that the effects of morpho-physiological 
characteristics of the competing species and 
factors, such as weed density and the period 
between crop and weed emergence on competi-
tive interrelationships, display a strong inter-
action. 
Discussion 
The model has mainly been constructed from 
procedures used in general crop growth models. 
Basically, the physiological processes are the 
same whether a species is grown in monoculture 
or in competition with other species. However, 
in the latter situation the attributes that deter-
mine resource interception become more 
important because they regulate the distribution 
of the limiting resources between the competing 
species. These attributes, relating to starting 
position, plant height, leaf area dynamics and 
root morphology, therefore require special 
attention. One of the main improvements in the 
model is the introduction of a new procedure for 
the simulation of leaf area progression (Kropff, 
1988b, c). In earlier versions of the model, leaf 
area progression was calculated on the basis of 
leaf dry weight dynamics from the beginning 
onwards (Spitters & Aerts, 1983; Kropff eta/., 
1984; Spitters, 1984). The extreme sensitivity of 
competition models to parameters for species 
characteristics was greatly reduced by intro-
ducing the procedure for simulation of early leaf 
area progression based on temperature, as an 
independent process from leaf dry weight in-
crease (Kropff, 1988a, b). 
The model assumes a horizontally homog-
enous leaf area distribution, which may cause 
deviations at low weed density or when row 
spacing of the crop is large. This can be over-
come by simulating on a per plant basis. For 
each plant, its light absorption can be calculated 
on the basis of light absorption of the plant and 
its neighbours. A model for this purpose was 
developed by R. Stokkers, M. J. Kropff, J. 
Goudriaan & J. A. den Dulk (MSc thesis, 
Department of Theoretical Production Ecol-
ogy, Wageningen Agricultural University). 
Another possible approach to account for low-
density effects or heterogeneously distributed 
weed populations is to distinguish smaller fields 
with different weed densities and simulate yield 
loss for these fields separately. 
The range of environmental conditions en-
countered by a species when grown in mixture is 
greater than that encountered when grown in 
monoculture. For instance, a short weed species 
experiences a low light intensity and low red/far 
red . ratio when grown in a tall crop. Such a 
micro-environment usually increases its stem 
elongation rate, specific leaf area, and shoot/ 
root ratio, and reduces its light-saturated photo-
synthesis and maintenance respiration. 
These effects have not yet been incorporated 
into the model, but may be introduced as 
empirical functions of a running average of 
either the light intensity at the top of the plant in 
the mixed stand or the average light interception 
per unit leaf area. 
Similar eco-physiological models were 
developed by Wilkerson eta/. (1990) and Graf et 
a/. (1990). Wilkerson et a/. (1990) developed 
their model on the basis of a soybean growth 
model (Wilkerson eta/., 1983), which simulates 
crop growth in a more simplified way than the 
models described previously. Competition is 
simulated by defining an 'area of influence' for 
each weed, i.e. the area where the weeds 
compete with the crop to account for the 
horizontally heterogeneous distribution of the 
weeds. The field average of light interception is 
based on the proportions of the field that are 
within and without weed areas of influence. This 
model simulated the time course of dry matter 
of soybean and common cocklebur accurately 
for two subsequent seasons that, unfortunately, 
hardly resulted in different competition effects. 
The model of Graf et al. (1990) for nitrogen 
and light competition in rice is based on a 
general crop growth model. Although their 
model is derived from predation theory, many 
aspects are similar to the approaches described 
above. They divided the weed flora into six 
groups, based on differences in leaf shape, 
growth form, height and phenology. Graf et al. 
(1990) also found a close correlation between 
simulated and observed dry matter production 
of crop and weeds. The effect of different 
weeding treatments was simulated accurately. 
The model presented here is a comprehensive 
one, directed towards understanding the basic 
principles governing crop-weed interactions. It 
is, therefore, intended as a research tool. Such a 
model also facilitates the study of plant attri-
butes that determine the competitive ability of 
weeds, and the evaluation of weed control 
strategies. 
Decision support systems for weed control 
require competition models generating accurate 
and reliable predictions of the crop yield reduc-
tion to be expected, whereas insight into the 
mechanisms whereby the reduction is achieved 
is of lesser interest. Detailed models, such as the 
present one, are less suitable for that purpose. 
Their parameterization is cumbersome, and the 
uncertainties involved in the many parameter 
values and process descriptions accumulate in 
the prediction error of final crop yield. 
However, the detailed models are very well 
suited for the derivation of simple, predictive 
models which, in contrast to statistical re-
gression models, have a causal basis and, there-
fore, a greater flexibility and wider applicability. 
Such a regression model was developed by 
Kropff & Spitters (1991). 
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